Large transport aircraft are particularly susceptible to impact damage from runway debris thrown up by the landing gear. A methodology was developed to predict the trajectories of stones lofted by the nose wheel and subjected to aerodynamic forces due to the wake behind the nose landing gear and beneath the aircraft. In conjunction with finite element modelling of the stone/ground/ tyre contact mechanics, an analytical model was used to perform a stochastic prediction of the trajectories of runway stones to generate impact threat maps which showed the relative likelihood of stones impinging upon various areas on the underside of a C-130 Hercules. The impact envelopes for the C-130 extended three to eighteen metres behind the nose wheel and two metres either side of the centre of the aircraft. The impact threat maps were especially sensitive to the values of the coefficients of lift and drag acting on the stone during its flight.
NOMENCLATURE

INTRODUCTION
Considerable research has been done to predict stone lofting by aircraft tires, based on the contact mechanics between the stone, tyre and ground (1) (2) (3) . The research undertaken to date has identified that runway debris research can be partitioned into four stages ( Fig. 1 ) to quantify the overall threat to the aircraft. Firstly, there is the debris encounter ( Fig. 1(a) ) and the subsequent tyre-debris interaction which causes lofting ( Fig. 1(b) ). Consequently, the trajectory of the lofted debris needs to be characterised ( Fig. 1(c) ) and ultimately there may be an interaction between the debris and the vehicle structure or component ( Fig. 1(d) ).
Previous research has developed analytical and numerical models which have been validated against modified drop weight experiments (1) (2) (3) . However these models alone are unable to provide predictions of the impact threat which accurately replicate the severe runway stone induced damage seen on the C-130 Hercules aircraft in service with the UK Royal Air Force.
Damage observed on C-130 Hercules
Inspection of the damage on C-130 Hercules focused mainly on the lower surfaces of primary structures, such as the fuselage skin and wings, where runway debris damage might have severe implications if failure were to occur. Multiple impact sites in the form of gouges were found along the underbelly and began to appear about 3m behind the nose wheel axle. Surface damage was present along the entire length of the belly rearward of this point, but there was no penetration of the belly skin. Despite the mild appearance of the damage, the fact that the affected area included the pressurised hull meant that extensive repair or replacement was mandatory. Any instruments, aerials, radomes or fins protruding from the bottom of the aircraft also suffered denting and a high degree of erosion. Examples of such damage are shown in Figs 2 and 3.
A sample extracted from the lower fuselage skin of the C-130 Hercules ( Fig. 2 ) was covered with many narrow, typically curved, crescent shaped gouges aligned closely along the direction of travel of the aircraft. In some cases there were ridges of protruding material at the sides of the gouges or at the far end of deep gouges. There were also several dimples, which were less elongated in shape, and many other minor gouges that could be sensed by touching the surface, but their visibility depended on the lighting and viewing angle. An example of damage to the leading edge of a C-130 Hercules main landing gear door is shown in Fig. 3 . This component featured a jagged tear that stretched across the thickness of the door (40mm) which had opened by 1 to 2mm. The curved surface had been deformed to leave three rough concave regions and the protective covering over these regions had been completely stripped away. The protective covering left in the vicinity of these dented regions contained many cuts in arbitrary directions.
Stone lofting mechanisms
A number of potential lofting mechanisms have been proposed to explain how the interaction between a tyre and a stone can cause the stone to obtain a vertical velocity. These mechanisms can be broadly classed into processes whereby the whole of the stone is rolled over by the tyre or where only part of the stone makes contact with the tyre at the edge of the tyre footprint. In the case where the whole stone lies within the tyre footprint, the path of the lofted stone would be expected to remain close to the plane of motion of the wheel. Any sideward component may be due to the stone having an irregular shape so that the loading applied to the stone would not be symmetrical. Alternatively, sideward velocities might arise if the runway surface directly beneath the stone has significant roughness so that the local gradient of the ground affects the lofting.
If lofting was dominated only by mechanisms where the stone is fully rolled over, any resulting impacts would be expected to lie in a fairly narrow band of locations directly behind the wheel. One example of a wheel plane lofting mechanism is groove lofting, which considers a stone being momentarily trapped in a groove in the tyre tread. At some point, the stone is released from the groove with an upward motion dictated by the instantaneous motion of the section of the tyre that held the stone. This mechanism could lead to potentially high vertical velocities, but would require the stone to have dimensions that fit the groove adequately, and the stone must be in the appropriate location relative to the groove when the tyre rolls over the stone (4) . In reality, the grooves in aircraft tyres are fairly sparse and the tread is often worn down such that the depths of the grooves are shallow.
Irregularities in the stone shape or the spin axis not being horizontal, transverse airflow or cases where stones are rolled over at the sides of the tyre, can all lead to the stone being launched laterally as well as upwards. The fact that runway debris damage to aircraft such as the C-130 Hercules is not purely concentrated in a narrow band directly behind the wheel suggests that sideward lofting mechanisms exist. However, the gouges produced on the fuselage of the Hercules (Fig. 2 ) are aligned closely with the direction of aircraft motion, which suggests that the sideward velocities are small compared with the aircraft speed. The main sideward lofting mechanisms considered are hammer lofting (Fig. 4(a) ) and pinch lofting (Fig. 4(b) ), both of which can occur with or without stone spin being induced. Due to the small rotational inertia of stones, and the tyre surface having very different mechanical and material properties to the ground surface, there is a high probability that there will be at least some degree of spinning of the stone. If the spin is significant enough to dominate the lofting, it could lead to lofting whereby the stone rolls up the sidewall of the tyre and this can be classed as a mechanism in its own right, spin lofting ( Fig. 4(c) ).
The distinction between hammer lofting and pinch lofting is essentially governed by the duration of contact between the tyre and the stone. Hammer lofting is based on the assumption that upon contacting the stone, the tyre is travelling fast enough that during the tyre-stone interaction, the tyre deflection can be treated as negligible. Consequently the dynamics associated with rigid body collisions determine the launch velocity of the stone. Therefore the momentum of the stone is related to the momentum of the tyre at the instant the tyre makes contact with the stone. Pinch lofting considers the tyre indentation to be significant enough to be the main driver of the stone being launched. Potential energy is stored in the deflected tread, which is converted into kinetic energy of the stone. For a typical tyre footprint length of 0·40m travelling at 70ms -1 , the tyre-stone contact duration can be up to 5·7ms. As a comparison, the timescale associated with a golf ball impact is approximately 0·45ms (5) . In practice, the classification of the mechanisms into fully or partially rolled over stones is complicated by the tyre footprint having a roughly elliptical shape because of the rounded profile and high tyre inflation pressure. As the rear of the tyre is raised from the ground, the part of the tyre closest to the centre plane of the wheel is the last to leave the ground. This means that even when a tyre rolls over the full projected area of a stone, the stone might experience significant sideward forces at the moment the tyre surface lifts away from the upper surface of the stone. Furthermore, the tread grooves may also mean that stones fully within the tyre footprint may only receive forces over part of the upper surface of the stone.
This work focused on lofting events governed by the hammer mechanism, which is thought to be the dominant mechanism (4) . Lofting by this process was observed in modified drop weight experiments which represented a section of tyre descending vertically onto a stone with varying degrees of overlap between the edge of the tyre and the stone, where stones were generally launched with backspin relative to the tyre (2) .
Aerodynamic lofting
Research to date has focused on the first two of the four stages shown in Fig. 1 , but despite numerous efforts to expand the envelope of parameters, such as exceptionally large stones, multiple stone interactions, etc., the contact conditions alone in Fig. 1(b) still did not generate the velocities which would account for the severity of damage observed on aircraft in service. It appeared that however refined or detailed the finite element models were, they were unable to predict the impact events through contact mechanics alone. Additionally, extensive dust clouds witnessed in photographs of the C-130 during ground operations on unprepared runways suggested that aerodynamic forces may play a key role in the lofting process. The hypothesis investigated in this study is that the contact mechanics (as modelled by the finite element simulations) can induce significant spinning of the stone leading to modest lofting, and subsequently the aerodynamics (Fig. 1(c) ) beneath the aircraft may increase the loft height of the stone, leading to it impinging on the advancing aircraft structure. For instance, a potentially strong vertical component of airflow behind the rotating nose wheel could accentuate the impact severity. So, the interaction between the contact mechanics, which initially lifts the stone from the ground, and subsequent aerodynamic forces, which launches it into the path of the aircraft, was considered key to resolving this issue.
By using simple models in conjunction with observations of fast moving trains over gravelsupported train tracks (6) , it was apparent that the interaction between the contact mechanics and aerodynamics could lead to the severe damage observed in C-130 Hercules. In particular, the combined velocity profiles of the airflow behind the aircraft wheels and beneath the fuselage govern the influence of the aerodynamics on the lofting. Consequently, the approach adopted was to take the contact mechanics predictions for the initial lofting and stone spinning, and introduce these into simplified models of the airflow behind the nose wheel. This approach was considered necessary due to there being very few suitable sources of experimental data regarding the aerodynamics behind full scale landing gear assemblies.
The current research aimed to develop a model of the aerodynamic interaction between the stone and the air flow behind the nose wheel to predict the impact threat to large transport aircraft. Following a stochastic modelling approach, this model provided envelopes of the stone trajectories, and thus severity of impacts on the lower fuselage. The results, presented in the form of threat maps, will aid the damage tolerant design of vulnerable structures and components. The focus of this paper is to present the results of the aerodynamic lofting simulations and impact threat maps for the C-130 Hercules.
Loft velocity required for impact
A starting point for considering whether aerodynamic effects may be significant was to calculate the minimum loft vertical loft velocity needed for a stone to strike the fuselage. There are two basic requirements: (i) the stone must first reach the required height and (ii) the stone must reach this height within the time taken for the aircraft to pass over the stone. Using the constant acceleration equations and initially assuming negligible air resistance, this minimum loft speed is dependent on the aircraft speed and geometry. The vertical velocity of the stone upon impact v is expressed in terms of the initial vertical loft velocity u, the time t required for the aircraft to travel a distance H and the height h at which the impact occurs.
Assuming the aircraft maintains a constant speed such that t = H / V,
For h = 0·90m, V = 56ms -1 , H = 15m, the initial vertical loft velocity is u = 4·7ms -1
. In other words, for an aircraft travelling at 56ms -1 , the stone must be lofted at a vertical speed greater than 4·7ms -1 to strike a structure 0·90m above the ground before it passes overhead. This assumes there are no aerodynamic effects which modify the stone's trajectory, the stone has no velocity component along the aircraft's path and air resistance is not taken into account. (Including air resistance for a stone of diameter 10mm, the reduction in vertical speed of the stone over a distance of 0·90m is 1·5%.) If the aircraft is travelling sufficiently slowly (below a speed of 36ms . None of the finite element simulations featuring only the contact mechanics of the tyre rolling over the stone produced vertical velocities above 4·8ms -1 . A plot of the vertical velocity required for impact against the aircraft speed is shown in Fig. 5(a) . Additionally, a plot showing the vertical loft velocity required for impact against the distance behind the initial loft location (Fig. 5(b) ) shows that a small variation in the initial vertical loft velocity can lead to a large difference in where the stone strikes the aircraft.
For example, if the aircraft is travelling at 56ms -1 , then an initial vertical loft speed of 6·0ms -1 would make the stone impact 9·8m behind the nose wheel. However, an initial vertical loft speed of 5·0ms -1 would cause the stone to strike 13·1m behind the nose wheel. This high sensitivity of the impact position to the initial vertical loft speed means that for lower loft speeds, it becomes even more important to account for the small changes in the stone's vertical speed, to enable accurate prediction of the impact location. The observation that witness marks are observed over the entire length of the lower fuselage rearward of the nose wheel suggests that vertical loft speeds less than 10ms -1 are common.
Preliminary calculations of aerodynamic effects
To decide which initial vertical loft speed to use as a threshold to consider in trajectory analysis, it was necessary to consider the maximum conceivable enhancement to lofting due to all aerodynamic effects. In the simplest case, one could ask, where can the air flow go relative to the ground? It is unlikely to go downwards due to the ground, and unlikely to go backwards, which leaves three main possibilities: it can go forwards, upwards, or to either side. Assuming the flow is split evenly between travelling forward, either left or right and upwards, it was considered that the worst possible case would be a cube-shaped stone with a drag coefficient of 1·4 in an upwards flow moving at one-third the aircraft take-off speed of 56ms -1 . For typical stone lofting conditions, the range of Reynolds numbers of interest, would be given by Re = ud/ν, so the minimum Re = 5 × 0·010 / 
The maximum resultant upward acceleration for a 10mm cube-shaped stone with an upward flow speed of 19ms -1 would be 1·4ms -2 . If the stone had zero initial velocity, the maximum possible change in the stone speed due to aerodynamics would be √(2 a h) = √(2 × 1·4 × 0·9) = 1·6ms
Hence under these conditions it would not be possible for aerodynamics alone to result in impact. This suggests that a combination of mechanical and aerodynamic forces may both contribute to impact. If this acceleration was constant and maintained over a height h, the final vertical speed by the time the stone reached the aircraft would be given by
If this stone had an initial loft velocity of 3·0ms -1 upwards, its final velocity after travelling 0·90m would be 3·4ms -1 . Where would it impact the aircraft? The time taken would be t = (v -u) / a = (3·4 -3·0) / 1·4 = 0·31s. In this time, the aircraft would have travelled a distance of at least V t = 56 × 0·31 = 17m. The impact would occur at least 17m behind the nose wheel. If the initial loft velocity was less than 3·0ms -1 upwards, the stone would miss the aircraft lower fuselage, unless it was travelling forwards with sufficient velocity at the same time.
What is the maximum distance a stone can travel forwards or sideways in the time the aircraft passes over it? Applying the same equation as earlier, but this time the acceleration would not be counteracted by gravity, the forward or lateral acceleration could be up to 11ms -2 . In the 0·31 seconds taken for the aircraft to travel 17m at 56ms -1 , the change in horizontal velocity would be 3·5ms -1 and the distance travelled would be 0·54m if there was zero initial horizontal velocity. This analysis provided some indication of the spatial resolution of the impact threat maps, suggesting that the horizontal accuracy would be subjected to aerodynamically-induced variations up to 0·54m. To take this into account, the final threat maps were made by counting the number of impacts within areas of 1m 2 . It should be noted that the above simplified calculations do not account for the reduction in velocity of the stone relative to the airflow and hence reduced the force as the stone accelerates.
In summary, time-averaged aerodynamic drag effects were not expected to increase the stone's vertical velocity by more than 1·6ms -1 and the sideward velocity by more than 3·5ms -1 . However, small changes in the vertical velocity could lead to large differences in the impact location and chances of impact, which is why it was nevertheless considered important to model the aerodynamic effects.
The Magnus lift acting on the stone would depend primarily on the angular velocity of the stone and the horizontal components of the flow fields it experiences. The maximum lofting enhancement due to the Magnus effect was initially estimated assuming constant spin, taking the maximum measured spin rate from modified drop weight experiments (2,000rad/s (1) ) and the maximum conceivable coefficient of lift, with a constant lift force throughout. This would be conservative if the trial calculation used the maximum conceivable airflow speed in the wake to be the same as the maximum aircraft speed, 56ms -1 . Since the coefficient of lift of a spinning irregular stone was unknown, a first approximation would be to take the maximum measured coefficient of lift from experiments involving spinning objects to be approximately C L = 1. The same calculation would apply as for the force due to upward drag of a flat plate perpendicular to the flow. It was considered unlikely that there would be a uniform flow of 56ms -1 beneath the fuselage and that the spin axis would be aligned to develop the maximum Magnus effect. More likely is that the flow speeds that the stone experiences would be no more than one-third the aircraft take-off speed (19ms -1 ), and the same change in velocity as was calculated due to the drag effect would be applied. The effect is expected to be much less than a 1·6ms -1 change in velocity, less than 3% of the aircraft take-off speed.
Even if the coefficient of lift of a spinning stone could exceed that of a very efficient wing (C L = 2), the maximum resultant vertical acceleration would be 6·2ms -2 and the maximum change in vertical velocity would increase to 3·3ms -1 . This is unlikely to drastically alter the damage processes occurring, but could affect the impact location if the aircraft is travelling at high speed. However, the chances of an object attaining this high a value of C L appear to be very small, so a velocity change of 3·3ms -1 would be highly unlikely.
NUMERICAL MODELLING OF AERODYNAMIC EFFECTS
This study concerned lofting from the nose wheel, since the trajectories of stones from the nose wheel are much more likely to lead to damage to vulnerable aircraft structures than those from the main gear wheels. Predicting the stone trajectories involved modelling the interaction of the rapidly spinning stone with the flow phenomena shown in Fig. 6 . These phenomena included:
• the time-averaged wake behind the wheel;
• turbulence that could lead to extreme flow speeds superimposed on this wake;
• the boundary layer close to the surface of the wheel;
• the boundary layer close to the aircraft and
• the ground effect.
The wake behind the wheel could also be decomposed into its velocity components in the streamwise, sideward and vertical directions, all of which would have different effects on the stone trajectory. Two aerodynamic force coefficients also play an important role in determining how much each of these phenoma affect the stone trajectory: the coefficient of drag, which would depend primarily on the stone frontal area, and possibly the stone shape and spin rate; and the Magnus lift which would be highly dependent on the spin rate. If the drag is important, the components of both the mean and fluctuating velocities in the wake of the wheel need to be assessed. 
Modelling assumptions
Due to the limited data available concerning the wake behind an aircraft nose landing gear rolling in contact with the ground, as well as a dearth of information relating to the aerodynamics of spinning stones, it was necessary to make a number of modelling assumptions. The data obtained for the wake behind the wheel was measured for an isolated automobile wheel on a rolling road. Hence, there was the inherent assumption that the flow fields would be similar for a dual wheel configuration. The actual case of having two adjacent wheels supported by a central strut and located close to the landing gear bay doors may have significant effects on the flow fields with which the stone may interact. A further modelling simplification involved application of data from studies to measure the aerodynamics properties of spinning golf balls, since the Reynolds numbers and non-dimensional spin rates are comparable to those encountered in the case of runway stone lofting.
Wake behind the wheel
The wake behind the wheel was modelled using time-averaged data from experimental measurements in the wake of a Formula One wheel (7) . The data was arranged in the form of an array of 99 by 10 by 73 velocity values in the forward, sideward and vertical (X, Y and Z) directions respectively. The flow field extended up to four wheel diameters behind the wheel, two wheel diameters either side of the wheel and 1·2 wheel diameters above the ground. The streamwise velocity field was generated by manually mapping the streamwise velocity profiles obtained from particle image velocimetry (PIV) measurements to produce a flow field matching that of the wake behind an exposed automobile wheel (8) . The decay of this streamwise velocity profile in the sideward direction was modelled by a Gaussian function,
. . . (8) The sideward and vertical velocity profiles were generated by directly importing the data extracted from the PIV measurements. To calculate the flow field at any given position along the stone's trajectory, interpolation was performed between planes containing measured values of the velocity profile.
Turbulence
To model the turbulence in the wake behind the wheel, the three considerations that needed to be quantified were: the magnitude of the turbulent fluctuations, the spatial range over which turbulence affects the stone trajectory and how often extreme turbulence velocities could occur.
A basis for modelling the magnitudes of turbulent intensity came from an experimental study of the steady and unsteady wake of scaled A340 landing gears using a wind tunnel. In this study, turbulent intensity values of up to 35% were measured (9) , though it should be noted that these experimental values were obtained for landing gear wheels that were not rolling or in contact with the ground. There would be considerable differences in the flow field behind landing gear under the conditions of a take-off or landing as opposed to when the aircraft is in flight. Therefore the results of the A340 study were applied to provide order of magnitude estimations of the turbulent properties. Since the aim was to generate impact envelopes based on upper bound estimates of impact probabilities, the interest was in modelling extreme values of turbulent velocities in the wake. These extreme conditions have been modelled from the averages by considering typical maximum wind speeds used for the design against ultimate wind loads on a structure in the atmospheric boundary layer (ABL) (10) . The same ratio between peak and root mean square (RMS) turbulence winds speed was assumed to hold for this turbulent wake flow. A non-dimensional ratio of 3·7 is the commonly accepted peak factor which reflects the measured relationship between the gust and the hourly mean wind speeds measured using a standard anemometer. The value is normally taken between 3·4 and 3·7, as there is uncertainty about the exact value. The following expression maximum air flow speed in the wake = mean air flow speed + 3·7 × RMS turbulence velocity . . . (9) was used to determine the maximum air flow speed behind the landing gear. Assuming a maximum turbulence intensity of 35%, this gave an expression for the maximum flow velocity as a function of the mean flow velocity,
This result would be indicative of the maximum velocity in any turbulent flow near the ground. However, the vertical velocities near the ground would be less than horizontal ones because of ground blockage. Since the RMS turbulence velocity was based on the horizontal turbulence intensity, the multiplication factor for the vertical velocities was reduced by a factor of √2 (based on a typical ratio between the mean square turbulence velocity components). In other words,
The turbulence intensity varied with the distance behind the wheel (X) and with the position across the wheel (Y). The variation with distance behind the wheel was modelled by a power function fit to the data obtained from the wind-tunnel measurements (9) as shown in Fig. 7 (a). Fig. 7 (a) was constructed by interpolating the graphical data provided in Fig. 9 of Ref. 9 , in which only data in the range of values for X/D between 3 and 7·5 were measured. Therefore the intensity at X/D less than 3 was unknown and for a first approximation, the intensity was assumed to be the same as the value at X/D = 3 (i.e. 35%). The fairly low elevation angle of the trajectory of the stones relative to the ground suggested that the length scale of X/D < 3 would most likely not be of interest, since the stone would not reach a height where it would have a significant interaction with the fully developed turbulent flow field behind the wheels. The model accounted for the variation of the turbulence intensity with the position across the wheel using the same Gaussian function used to model the decay of the streamwise velocity profile across the wheel, Equation (8) .
The second question of the range over which the turbulence should be applied was addressed by noting that the steady wake behind the wheel decayed to free stream conditions approximately four wheel diameters behind the wheel (7) . It was then assumed that the stone remained in the turbulent region containing standing eddies until the aircraft passed over the stone. Since the turbulence intensity measurements were only made for distances behind the landing gear of between 3 and 7·5 times the wheel diameter, two assumptions were made to model the turbulence values outside of this range. Taking the distance behind the wheel to be X and the wheel diameter to be D, for X/D < 3, the turbulence intensity was assumed to have the same value as that at X/D = 3, i.e. the maximum value of 35%. For X/D > 7·5, the turbulence intensity was assumed to take the value predicted by the extrapolated curve fit to the wind-tunnel data, obtained using the power function relationship ( Fig. 7(a) ). For X/D > 20, the turbulence effects were assumed to be negligible and the flow was assumed to return to free stream conditions. Given that the length of fuselage behind the wheel was very close to twenty wheel diameters, this effectively meant that any turbulence flow velocities affected the stone over the whole trajectory range of interest.
The third question of how often this flow speed would occur was considered in terms of how many of the simulations should apply this extreme flow speed. To estimate the probability of extreme turbulent flow speeds occurring, the approach taken was to calculate the lowest level of turbulent velocity which just caused impact by running a trajectory simulation of a single stone and performing a parametric study varying the RMS factor to produce Fig. 7(b) . A probability distribution of turbulent flow speeds was then used to find the probability of that velocity or higher occurring. Using a stone of mass 30g and baseline conditions, a multiple of 1·0 times the RMS was just enough to cause the stone to impact the lower fuselage ( Fig. 7(b) ). A previous study involving the characterisation of runway stones (11) found that the overwhelming majority of stones had masses less than 30g, and the stone mass distribution was well modelled by a Pareto function. Thereore the range of stone masses considered to be relevant in this study was in the range up to 30g. Since aerodynamic effects were thought have less effect on more massive stones, the upper bound of 30g was chosen so that the models would be conservative in terms of predicting the impact threat. The probability distribution applied to model the turbulence was the Weibull (12) 
. . . (12) where the parametric exponent k typically takes a value around 2·1 and λ is a scaling parameter. Taking k to have a value of 2·0 gives a Rayleigh distribution, which is often used to model turbulence extremes (13) and therefore this was the value chosen for the current probability analysis. Evaluating the probability density function ( Fig. 8(a) ) with an RMS factor of 1·0 gave a probability of 0·736. This was used to fix the value of the scaling parameter λ =1·0, since the scaling parameter was linearly proportional to the RMS. The associated value of the cumulative distribution function ( Fig. 8(b) ) was 0·632 and therefore the probability of exceeding the mean plus the RMS was 0·368. Thus, 36·8% of the cases were modelled to have the extreme turbulent fluctuations.
In summary, the approach taken to model the turbulence was to apply an additional streamwise and sideward flow speed of (3·7 × 0·35 =) 1·3 times the time-averaged value to 36·8% of the simulations selected randomly from the sample of stones. An additional vertical flow speed of (1·3/√2 =) 0·92 times the time-averaged horizontal flow speed was also imposed on the same subset of simulations. This flow speed was assumed to act on the stone throughout its loft trajectory because the timescale of a typical lofting event was of the order of 0·3s, which is comparable with the time-scales of the largest turbulent eddies in the wake. 
Ground effect
The ground effect is an aerodynamic phenomenon which leads to both a decrease in induced drag and an increase in lift on a wing moving close to the ground (14, 15) . The increase in lift is due to the air velocity between the wing and the ground decreasing, thus leading to a higher static pressure beneath the wing than in free flight conditions (16) . However, this is only when the wing starts to lift after the aircraft begins to rotate as it leaves the ground. A secondary effect is that the fuselage tends to speed up the flow rearwards due to blockage effects. Hence these effects were considered not to be important during the take-off or landing run. The ground effect of interest in this study is due to a decrease in the air velocity between the fuselage and the ground. The actual magnitude of the change in lift due to the ground effect depends on the geometry of the wing, the angle-of-attack and the height above the ground. An increase in the lift coefficient of up to 75% has been reported for a high aspect ratio wing, when the ratio of the height h to the chord c of the wing reduces to h/c = 0·1 compared to the lift coefficient at h/c = 0·7 (17, 18) . However, a stone has a much more compact geometry and dimensions much smaller than the height of the fuselage. The direct ground effect on the stone may be of either sign and be significant only when the stone is within about one stone diameter height above the ground. Therefore the influence of this effect was considered to be extremely small and certainly insignificant compared to the uncertainties in the wake velocity profiles.
Wheel and fuselage boundary layers
The boundary layer close to the wheel needed to be modelled as a separate flow phenomenon from the wheel wake because the wake velocity measurements described in Section 2·2 were recorded at distances behind the wheel beyond the extent of the boundary-layer thickness. A very conservative first approximation to modelling the wheel boundary layer was to assume a constant displacement thickness within which the air was assumed to travel at the same speed as the surface of the wheel. Provided the stone position was within this distance behind the wheel and within the width of the wheel, and the height of the stone was less than the diameter of the wheel, the velocity of the air with respect to the ground was taken as the peripheral velocity of the wheel. If the wheel boundary layer was later found to have a large effect on the stone trajectory, this aspect of the model could be refined by more precisely modelling the decay of air velocity with increasing distance from the wheel surface. Doing so would reduce the effect of lofting within the wheel boundary layer. The model used a wheel boundary layer that was 30mm thick. Comparative data in the relevant literature on the boundary layer around a wheel rotating on a rolling belt in a wind tunnel at 30ms -1 have been obtained from PIV measurements suggesting a boundary layer in the range 34-42mm (19) . However, since the wheel boundary layer had only a very small influence on the trajectory, the modelling of this aspect did not the significantly affect the overall threat maps in comparison to the uncertainties in the assumed velocity profiles.
The aircraft fuselage boundary-layer thickness was determined by first calculating the Reynolds number from the current position of the stone back from the aircraft nose and the aircraft velocity. This Reynolds number was then used to compute the boundary-layer thickness from the Schlichting (20) , and the displacement thickness of the boundary layer was then taken as one third of this value. Provided the stone height was within this distance of the lower surface of the fuselage, the imposed airflow velocity relative to the ground was equal to the aircraft speed. Thus the boundary layers for the present purpose have been modelled very simplistically by a rectangular defect profile over a thickness equal to the displacement thickness.
Generation of impact threat maps
The model accounted for the curvature of the lower surface of the fuselage by modelling the height of this lower surface as a function of the distance across the width of the fuselage and the cross-sectional radius of the fuselage. If the height of the stone exceeded this height, an impact was recorded. The x and y positions of the impact along with the stone mass and impact energy were output to a results file. The simulation of each stone trajectory ceased as soon as an impact was detected, when the vertical component of the stone's velocity was negative or when the x position of the stone relative to the aircraft exceeded the length of the fuselage behind the nose wheel.
The threat maps were generated by dividing the lower surface of the fuselage into a grid divided into 1m by 1m squares spanning the length of the fuselage behind the nose wheel and the width of the fuselage. A Matlab program was created to run through each of the stones recorded in the results file and scan over the area susceptible to impact damage. If the stone position fell within a given area of the grid, a counter associated with that grid position and energy level was incremented. This led to three arrays, one for each energy range, showing the numbers of stones impacting within certain zones of the fuselage. For each energy range, a contour map was then produced to display this data with the colours red, orange, yellow and green to specify high, medium, low and very low probabilities of impact. These probabilities were relative to the maximum number of impacts in any given square metre and the results were shown with the given colours for numbers of impacts exceeding 60%, 40%, 20% and 10% of the maximum value respectively. Since the distribution and frequency of stones on the runway were unknown, these threat maps showed relative probabilities. Therefore, regardless of the sparseness or distribution of the stones on the runway, the relative threat to different parts of the fuselage would have been the same.
Governing equations
The following governing equations were used for the model assuming quasi-steady aerodynamics.
Geometrical relationships
Assuming a spherical stone of given mass and density, the geometry was calculated as follows: r = (3m / 4 π ρ s ) 1/3 . . . (13) 2.7.2 Initial stone position and boundary conditions x = 0 y = w / 2 × (random number between 0 and 1) z = 0 t = 0
• In reality, the stone can initially be lofted from any distance up to half the length of the tyre footprint behind the axle. A first approximation would be to assume a uniform distribution within this distance.
• The stone can be initially lofted from anywhere across the width of the tyre footprint (assume random). The overall lateral position of the stone relative to the centreline of the aircraft (Y) is defined as the stone y displacement relative to its initial position plus half the distance between the two nose wheel centrelines. The tyre footprint width w is typically 84% of the total tyre width W.
• In reality, the stone has a finite size and the initial position of the centre of mass of the stone would depend on the size and shape of the stone and the local geometry of the ground upon which it lies. A first approximation assuming a spherical stone on a flat surface would be to use z = r.
• More precisely, the start time would depend on where exactly the stone is lofted from relative to the wheel footprint and the speed of the aircraft at the moment of tyre ejection.
Initial stone translational and angular velocities
Initial stone translational and angular velocities were obtained from numerical modelling of the interaction between the tyre, the stone and the ground using LS-DYNA dynamic finite element software. At the start of the simulation, it was necessary to load the distributions of the stones masses and the coefficient of lift values as well as the corresponding aircraft velocities giving rise to those particular stone translational and angular velocities.
. . . (15) The input data was produced from simulating 3,600 stones using aircraft speeds of 30, 40, 50, 60, 70ms -1 , stone masses of 5, 10, 15, 20, 25, 30g and stone lateral positions of 0, 2, 4, 6, 8cm from the centre plane across half the width of the tyre footprint. Smaller stones were modelled as being more frequent, and following a pareto distribution for the stone masses (11) , there would be a total of 5 × (114 + 18 + 6 + 3 + 2 + 1) × 5 = 5 × 144 × 5 = 3,600 simulations. When these were simulated using finite element modelling, the output of the simulations was collated into Table 1 containing the relevant inputs and outputs (Table 1) , which could be loaded directly into a Matlab program for the stone trajectory simulations. 
The lofting processes are governed by a huge number of possible parameters related to the runway, stone, wheel and aircraft properties. Three main parameters were varied in the lofting simulations, which were considered to be most influential to both the lofting trajectory and the resulting impact damage that might be inflicted. The first was the aircraft speed, which would dictate the location of impact on the aircraft and the impact severity due to the impact energy being related to the square of the speed. Assuming a take-off with a constant acceleration and therefore a linear velocity profile, there is an equal chance of the aircraft having any velocity up to its take-off speed at the instant it rolls over a stone. Below a certain speed, the impact damage was considered to be insignificant, which placed a lower bound on the speeds to be considered. The upper bound was chosen to be close to the average take-off/landing velocity of the C-130, which would depend primarily on the total weight and would in practice change depending on the operation requirements. To account for this in the simulations, five equally spaced velocities were chosen in the range 30 to 70ms -1 inclusive, i.e. 30, 40, 50, 60 and 70ms -1
. The aircraft speed was also considered important in determining any aerodynamic forces that the stone might experience after being lofted by the wheel. In addition, the aircraft speed would determine the air flow speeds and since the lift and drag forces on the stone are related to the square of the speed, the aircraft speed has even greater importance.
The second parameter varied was the stone mass, since this would be directly related to the impact energy and was also expected to influence the initial stone loft velocities and subsequent acceleration due to aerodynamic effects. Six different masses were chosen when running the finite element simulations. These stone masses were 5, 10, 15, 20, 25 and 30g. Note that the average of these masses is approximately 18g, which corresponds to the mass of a stone which would have an impact energy of 27J if impacting relative to an aircraft component at 56ms -1 (109 knots). However, there is a much greater probability of encountering smaller mass stones than larger mass stones. Therefore the results of the simulations were scaled according to the relative frequency of stone masses that would occur if the masses followed a Pareto distribution (11) . Finally, the positions of the stones relative to the tyre footprint were varied along the direction of the wheel axis. Assuming the stones are randomly distributed over the runway, any given position has an equal likelihood of occurring. Five equally spaced positions ranging from directly under the centre plane of the tyre to the edge of the footprint were chosen: 0, 20, 40, 60 and 80mm from the centre plane. The initial position of the stone relative to the tyre would affect the impact location and the nature of the loading applied to the stone when over-rolled. The flow field within which the stone travels would also be dictated by the initial position. An additional assumption is that the lofting processes are symmetrical about the centre plane of each wheel and also symmetrical about the centre plane of the aircraft, i.e. for both nose wheels. This may not be the case if uneven wear of the tyre surfaces affects lofting. The presence of the structures surrounding the wheel as well as the adjacent nose wheel may also lead to asymmetry of the lofting aerodynamics about the centre plane of each wheel. However, for simplicity, the modelling focuses on generating results for stones within one half of a single nose wheel. Assuming symmetry, the results produced by simulating the lofting from one half of a single nose wheel could be used to predict the lofting trajectory from the other half of the nose wheel. Since there are two nose wheels, symmetry was applied again to provide a complete picture of the stone spray patterns, taking into account the separation distance between the nose wheels.
The total number of different encounter scenarios simulated was therefore: 5 aircraft speeds × 6 stone masses × 5 stone positions = 150 events, scaled up to 3,600 stone lofting scenarios by the stone mass distribution. Aside from the three main variables mentioned above, the results of the numerical simulations could also be a function of many other parameters, including properties related to the stone, the runway and the aircraft and tyres. These additional parameters were kept constant and were based on data provided by the UK Ministry of Defence. The finite element modelling of the tyre, stone and runway interaction is presented in detail in references (1) (2) (3) (4) .
Determination of lofting scenarios using the stone mass distribution
The Pareto distribution was used to scale the number of events involving stones of smaller masses. The general form of the probability density function for the Pareto distribution is;
. . . (16) Applying this formula to the masses of stones gives;
. . . (17) From the stone mass data obtained from runway debris sweepings, the two parameters which best fit the data have the values α = 1·645 and m = 0·6g. Using the Pareto formula and scaling the relative numbers to consider how many smaller mass stones would be encountered for each 30g stone leads to a total of 3,600 results. For instance, an aircraft nose wheel is approximately 114 times more likely to encounter a 5g stone than a 30g stone. Since there are 25 results for 30g stones (5 aircraft speeds × 5 positions), there are 114 × 25 = 2,850 results for 5g stones.
The numerical simulations of the C-130 tyre rolling over the stone were run using LS-DYNA 971. The tyre was modelled with shell elements to form the inflated carcass and solid elements to form the tread which made contact with the stone. The tread mesh was refined locally near the region of contact with the stone, but details of the surface of the tread, such as grooves, were not included in the finite element mesh. The coefficients of static and dynamic friction were 0·65 and 0·6 for the tyre-stone interface and 0·6 and 0·5 for the stone-ground interface respectively (2) . The wheel rolled over the stone whilst maintaining a predetermined offset distance from the stone's centre. The density of the wheel rim was adjusted to model the load on the wheels due to the weight of the aircraft and to give the wheel a high enough inertia to prevent the stone influencing the wheel's motion. This removed the need for additional constraints on the wheel along the direction of the axle. Damping was applied to reduce any vibrations around the circumference of the tread which could influence the contact velocity with the stone. These vibrations were artefacts of the finite element model and were introduced when the tyre was inflated.
The mesh for the rough irregular stone was constructed directly from a photograph of a stone collected from a runway at RAF Lyneham, UK (11) . The photograph was imported into image processing software (Image J) and converted into a binary image to allow the outline to be saved as x-y data. By reading the x-y data points into LS-PREPOST, a solid prismatic mesh was generated. The sharp cornered surfaces of this prism were cut away at angles to remove the flat top and bottom surfaces and gave the stone a more realistic profile and mass. Solid elements were chosen so that the mass and inertia properties could be calculated correctly. Stones of various masses were generated by scaling all dimensions equally to maintain the original proportions. The results obtained from the numerical simulations, were the x, y and z velocities and the x, y and z angular velocities just after the stone was released from the tyre. The x velocity was the speed of the stone in the direction of the aircraft motion, the y velocity was the speed of the stone in the sideward direction (positive to the left of the tyre centre) and the z velocity was the speed of
the stone vertically. For each velocity component, the 3,600 results were plotted on a histogram and statistical distributions were fitted to the data using the distribution fitting tool in Matlab. In each case, the distribution which gave the closest fit to the data set over the whole range of data was chosen.
From the results of the finite element models, there was no strong correlation between the spin rates and the other independent parameters. Therefore, for the aerodynamic simulations, it was considered to vary the spin rate of the stone as an independent parameter and use selected values as inputs into the trajectory modelling. The range of values of the spin rate was based on the range of values measured in drop weight impact experiments in which spin rates of up 2,000rad/s were observed. Since the aim of the work was to predict envelopes of the impact threat, the spin was assumed to occur predominantly about the y axis, such that the stone rotated in the same sense as the wheel. Assuming that any given value of spin was equally likely, five spin rates spread over the range of interest were chosen: 400, 800, 1,200, 1,600 and 2,000rad/s.
Filter relevant stones to maximise computational efficiency
Because the Molnte Carlo analysis involved simulating the tens of thousands of stones that could be encountered by an aircraft nose wheel over its lifetime, it was necessary to optimise the computational efficiency by introducing the following three criteria for selecting relevant stones to simulate.
• Ignore stones smaller than 0·5g and larger than 40g. Stones outside of this range of masses were not considered to be of interest because stones smaller than 0·5g were deemed to produce negligible impact damage, whereas no stones with mass greater than 40g were identified in the runway debris collection and analysis study (11) .
• Ignore stones initially lofted at much lower vertical speeds than the minimum required for impact. If the initial loft velocity was very small, even large aerodynamic effects would not result in an impact. Therefore a threshold vertical velocity was used to filter out any stones with small vertical loft speeds caused by the tyre, stone and runway interaction.
• Ignore stones which would have impact kinetic energies less than 2J. Even if the stone had no velocity relative to the ground upon impact, the motion of the aircraft could contribute to the impact kinetic energy and resulting damage. A final way of simulating the trajectory of only critical stones, which took into consideration the stone mass, stone trajectory and aircraft velocity at an early stage in the simulation, was to filter out any stones which would have impact energies of less than 2J.
Stone trajectory calculation sequence
The simulation was performed by looping through the following sequence until the aircraft passed over the stone, i.e. while |X| ≤ H
Wake velocity U(X,Y,Z)
The velocity of the air with respect to the ground at the current location of the stone was determined by interpolation within the wake flow field. In Matlab, this was implemented by generating a 3D grid containing the wake velocity components at specific points within the grid and importing the wake velocity profiles obtained from PIV measurements of the flow field behind a Formula 1 wheel rolling in a wind tunnel. . The boundary-layer thickness was calculated from the Schlichting formula (20) :
. . . (24) The maximum aircraft fuselage thickness approximately 18m behind the initiation point of the boundary layer, using the value of Re x would be 60mm. The displacement thickness of the boundary layer was estimated to be of the order of one-third of this maximum thickness, giving an estimated value of 20mm. Given that this is of the order of a typical stone diameter, the impact would almost be occurring by the time the stone is affected by the aircraft boundary layer. If the stone is within the aircraft boundary layer, the horizontal flow speed it encounters was assumed to be the same as the aircraft speed. Since the cross-section of the aircraft lower fuselage is approximately circular, the height that the stone must reach to enter the fuselage boundary-layer depends on the lateral displacement from the centreline of the aircraft.
. (25)
Velocity of the stone relative to the air
Cross product of spin and velocity s = ω × v sa . . . (27) Non-dimensional spin parameter S = r |ω| / |v sa | . . . (28) Lift (golf ball aerodynamics assumed (23) )
Drag (golf ball aerodynamics assumed Output data: If the height of the stone is greater than or equal to the height of the fuselage including its curvature, display the stone number and stone impact kinetic energy on the screen and output the following four columns showing the impact position, stone mass and impact kinetic energy to a results file. 
Validation, verification and time step sensitivity
Validation of the numerical integration scheme was performed by comparing the computed trajectories with those for a golf ball calculated using the fourth-order Runge-Kutta method in a Simulink aerodynamic model (21) . The results shown in Fig. 9 are for a ball launched at 70ms -1 with a spin rate of 2,500rpm and at angles of 15°, 30°, 45°, 60° and 75° with air resistance. Good agreement between the trajectories was obtained with a time step of 1ms. Verification of the trajectory computation was carried out by comparing the results with experimental data of a golf ball trajectory (22) (Fig. 10) . The computed range was 213m compared to the experimental range of 215m, giving a difference of 0·9%. The computed maximum height was 25·8m and the experimental value was 24·3m, giving a difference of 6·2%. These differences were considered to be acceptable given that the range of trajectories of lofted stones would be restricted to the height of the fuselage. In this range, the differences in the computed and experimental trajectories were smaller than those for the range and maximum height calculated for the golf ball. It should be noted that the limited nature of the current validation and verification procedures are only applicable under the simplified conditions modelled. A better validation could be provided via comparison with threat maps obtained from actual stone strike locations observed from field operations. This would be a necessary step before these models can be calibrated and reliably used a predictive tool, and would require experimental stone impact data in sufficient quantity to be translated into real threat maps.
The effect of changing the time step of the simulation was investigated by recording the trajectory (Fig. 11(a) ) and the impact energy (Fig. 11(b) ) as a function of the simulation time step. At an aircraft velocity of 50ms -1 and a stone mass of 15g, the impact energy converged to a value of 18·8J for time steps less than 0·01ms. A time step of 1ms led to a 0·02% error in the maximum height and a 0·06% error in the impact energy, which was considered to be acceptable for the generation of the threat maps. 
Significance of aerodynamic effects
To gauge the individual influence of each of the aerodynamic effects described in Section 2.0 on the height reached by the stone, the simulation was run to plot the trajectory with and without each of these effects considered. Plots of the trajectories are shown in the X-Z plane in Fig. 12(a) and in the Y-Z plane in Fig. 12(b) . The example is taken for a 5g stone initially lofted with a vertical speed of 3ms -1 , a sideward speed of 1ms -1 and a spin rate of 400rad/s about the y axis. Without aerodynamics, impact was not predicted. However, combining all the air flow effects allowed the stone to travel high enough to impact the rear of the aircraft at 70ms -1 (with a kinetic energy of 12J). In this case, the vertical flow field had the greatest effect on the loft height, while the sideward velocity field was the main factor in projecting the stone further out towards the sides of the aircraft.
The wheel boundary layer had a very small influence on the trajectory and resulted in a slight increase in the maximum loft height reached. The effect of the aircraft boundary layer was investigated by inspecting the trajectory including all other aerodynamic effects except the aircraft boundary layer and then including the aircraft boundary layer. There was no discernable difference in the trajectories, which indicated that the aircraft boundary layer had negligible effect on stone lofting. The influence of modelling extreme values of turbulence velocity superimposed upon the model including all of the previously considered aerodynamic effects was then investigated using the same initial stone launch conditions. Plots of the trajectories excluding and including turbulence are shown in the X-Z plane in Fig. 13(a) and in the Y-Z plane in Fig. 13(b) . Turbulence led to the stone impacting 49% closer to the front of the aircraft and 18% further out to the side of the aircraft than without turbulence.
RESULTS AND PARAMETRIC STUDIES
The effects of the main governing parameters were initially investigated by plotting the stone trajectory relative to the aircraft in the X-Z plane. The baseline conditions presented in Table 2 applied to all of the results presented in this Section. (10) p 3·7 - 
Effect of coefficients of lift and drag
Since the coefficient of lift C L was a function of both the spin rate and the velocity of the stone relative to the air at any given instant, the effect of C L was studied by varying a coefficient of lift factor f rather than changing the absolute value of C L . The default value of C L was calculated from an expression obtained from measurements of the lift force acting on a spinning golf ball (23) . For instance for a golf ball, where the spin parameter S = r ω / V = 0·021 × 2,000/50 = 0·84, the coefficient of lift is estimated to be C L = 0·54 S 0·4 = 0·54 × 0·84 0·4 = 0·50. The range of the coefficient of lift values was considered to have an uncertainty up to a factor of two. Increasing the value of f led to impacts closer to the front of the aircraft (Fig. 14(a) ). The total number of impacts as a function of the coefficient of lift factor is shown in Fig. 14(b) . Fitting a quadratic curve to the data gave a very high correlation coefficient, suggesting that the number of impacts was closely correlated to the square of the coefficient of lift.
The influence of the ground effect on the stone trajectories was also studied by changing the range of heights above the ground over which the ground effect was assumed to act on the stone. Modelling the ground effect involved increasing the coefficient of lift factor when the stone was in proximity to the ground. Therefore, increasing the height over which the ground effect acted led to a small increase in the loft height of the stone. However, for ground effect height ranges considered to be realistic (up to the diameter of the stone), the magnitude of this change on the trajectory of the stone was negligible.
The coefficient of drag C D was a function of the spin rate and the velocity of the stone relative to the air. The effect of changing the coefficient of drag was studied by plotting the stone trajectories for various values of C D factor ranging from 0·0 to 2·0 (Fig. 15(a) ). The coefficient of drag was found to have a large influence on the trajectory of the stone, with factors less than unity predicting no impact under baseline conditions, and factors greater than or equal to unity predicting impact closer to the front of the aircraft with increasing drag coefficient. The effect of the coefficient of Figure 17 . Combined impact threat maps for spin values from 0 to 2,000rad/s. drag was also explored for the case when the coefficient of drag was not related to the spin rate, but instead took a constant value in the range 0·4 to 2·0 (Fig. 15(b) ). In this case, no spin was imposed on the stone. Higher values of C D led to the trajectories exhibiting a greater upturn in slope early on in the flight path and continuing to curve upwards, resulting in impacts closer to the front of the aircraft.
Effect of angular velocity
The range of spin rates was chosen to match those observed in drop weight experiments, where spins of up to 2,000rad/s were measured using high speed video (1) . With increasing spin values, impact occurred closer to the front of the aircraft (Fig. 16(a) ) and the number of impacts was observed to have an approximately cubic relationship with the spin rate ( Fig. 16(b) ). Assuming the spin rates were distributed uniformly over the range measured in experiments, a conservative design approach considered the threat maps generated by combining the data for all spin rates simulated, as depicted in the aggregate threat maps for the low, medium and high energy ranges in Fig. 17. 
Effect of aircraft speed and stone mass
Increasing the aircraft speed led to trajectories that changed from being approximately parabolic to trajectories that were almost linear within the trajectory range of interest ( Fig. 18(a) ). No impact occurred at aircraft speeds of up to and including 30ms -1 , but impacts started to occur when the aircraft speed exceeded 40ms -1 . Impacts at aircraft speeds of 40ms -1 to 70ms -1 were all approximately the same distance behind the nose wheel. For a typical take-off scenario, the relative numbers of impacts having given impact speeds were recorded as shown in Fig. 18(b) . There was a clear tendency for impacts to occur at higher speeds close to the aircraft take-off velocity. Under the baseline conditions (Table 2) , there was a reduction in loft heights reached by larger stones (Fig. 19(a) ), and plotting the trajectories for a range of smaller mass stones, between 1g and 5g inclusive confirmed that smaller stones impacted closer to the front of the aircraft (Fig. 19(b) ). An additional plot (Fig. 20(a) ) also compared the trajectories of different masses of stones with their predicted trajectories excluding aerodynamic effects. This provided a further indication of how much greater the influence of the aerodynamics was for smaller stones than for larger stones. 
Extent of impact locations
To explore how close to the front of the aircraft impacts could occur under extreme conditions, the trajectories for the largest and smallest stone sizes of interest were plotted under the influence of all aerodynamics effects including turbulence. The trajectories were plotted for the highest coefficient of lift factor, f = 2, the highest spin rate of 2,000rad/s and the maximum aircraft take-off velocity of 70ms -1 ( Fig. 20(b) ). It was found that impacts started 4m behind the nose wheel for a 0·5g stone under such conditions. Also shown in Fig. 20(b) are the trajectories for the same stones with zero coefficient of lift and zero spin but including turbulence. Simulations were carried out for a range of stones with a distribution of stone masses representative of the stone mass data collected from analysis of runway stone sweepings (11) . The vertical component of the impact velocity and the impact angle relative to the fuselage were plotted as functions of the position along the aircraft (Fig. 21) . These plots showed that impacts with higher velocity components normal to the surface of the fuselage were predicted to occur closer to the front of the aircraft. 
THREAT MAPS
Since the values of the coefficient of lift may vary for different stones, this variation was modelled by assuming a given statistical distribution of the coefficient of lift values and running the models using three proposed distributions. The type of function chosen to model the distribution of coefficient of lift values was based on the geometric properties of the stones. Due to the huge variety of possible stone shapes and limited data relating to the aerodynamics for realistic stone geometries, rather than attempt to incorporate the full 3D geometry in the models, the first step was to consider only 2 dimensions. Here, the shapes of the stones were characterised using photographs and image analysis of 298 granite stones (4) and a histogram was generated to display the distribution of the aspect ratios. The aspect ratio, was considered because highly elongated stones were expected to behave in a different way to compact stones when over-rolled by tyres. Best fit ellipses were superposed on each stone image and the ratio of the major to minor axes of the ellipses gave mean measured aspect ratios close to √2 ≈ 1·41, which is the value required for the ratio between the length and width of an object to remain constant if it is bisected. Hence a possible explanation for this observed aspect ratio would be if the stones had been formed from larger rocks or pavement fragments by being divided roughly in half via simple three-point bending. Repeated breakage of stones in such a way would tend to result in smaller stones with an aspect ratio of 1·41. It might be expected that since the stones are three-dimensional, the relevant ratio should be 3√2 ≈ 1·26. The actual aspect ratio in almost all cases fell in between the two values mentioned but was closer to that corresponding to breaking of a two-dimensional stone. This was attributed to the measured aspect ratios being from images of stones, which were most likely lying on their flattest surfaces.
The first function selected to model this distribution (using the distribution fitting tool in Matlab) was the generalised extreme value distribution (24) (Fig. 22(a) ). The three parameters associated with the best fit to this distribution were k = 0·120, σ = 0·188 and μ = 1·20. The distribution of the coefficient of lift values was then assumed to take the same form as that for the aspect ratios of the stones. This assumption was based on the premise that stones with higher values of aspect ratio would influence a greater volume of air than an equivalent mass stone whilst spinning. To check the sensitivity of the results to the assumed distribution, gamma and normal distributions (Fig. 22(a) ) were also applied to model the stone shapes and coefficient of lift. The two parameters associated with the best fit to the gamma distribution were a = 29·846 and b = 0·048 and the two parameters associated with the best fit to the normal distribution were μ = 1·424 and σ = 0·276. The models used to produce the final threat maps also included a uniform distribution of stone spins about the y axis ranging from 0 to 2,000rad/s. The stone masses were assumed to follow a Pareto distribution (11) (Fig. 22(b) ), and the simulations were run for all aircraft velocities up to the take-off velocity of the C-130. The resulting threat maps produced from these assumed distributions of the coefficient of lift and spin rates are shown in Fig. 23(a) , Fig. 23(b) and Fig. 24(a) . The numbers of impacts from these scenarios were 3,754 impacts using the generalised extreme value distribution for the coefficient of lift, 3,734 impacts using the gamma distribution and 3,745 using the normal distribution. When different distributions were selected for the coefficient of lift, there was little difference in the number of impacts or the overall extent of the impact envelopes in the low and medium energy ranges. A repeated simulation using the generalised extreme distribution with exactly the same conditions as the first run produced the threat maps shown in Fig. 24(b) . There were small differences in the low and medium energy range envelopes, but a greater difference in the high energy range envelope when compared with the original simulation ( Fig. 23(a) ).
For the final threat maps, shown superimposed on an image of the lower fuselage of the C-130 (Figs 25, 26 , and 27), the envelopes from the generalised extreme value distribution were used, since this distribution gave the best fit to the data relating to the stone geometry. It should be noted that since the threat maps are probabilistic, impacts may occur outside the envelopes shown due to mechanisms or conditions that were not modelled, such as multiple stone interactions or take-offs in extremely windy conditions. However, the probabilities of such events were considered rare in comparison with those under typical conditions.
DISCUSSION
Effect of flow fields, coefficient of lift and spin
Due to the complexity of the turbulent fluctuations in the unsteady wake, a number of simplifying assumptions have been made based on studies in related fields where aerodynamic conditions would Figure 22 . (a) Probability density of stone aspect ratios with a generalised extreme value (GEV), gamma distribution and normal distribution fit to data obtained from analysis of granite stones (4) .
(b) Probability density of stone masses with a Pareto distribution fit. be similar to the case of runway stone lofting. Extreme values of turbulent velocities provided a possible mechanism for enhanced lofting of stones travelling in such air flows. The trajectories from these extreme cases implied that impacts very close to the front of the fuselage may occur under such conditions. High air flow velocities were also present within the wheel and aircraft boundary layers. However, the relatively small thickness of these boundary layers in comparison to the overall dimensions of the stone's flight trajectory meant that these air flows had minor contributions to stone lofting and the impact envelopes. Therefore the associated limitations in modelling these factors were not as critical as for the wake flow field. The main inaccuracies would have been in the predicted boundary-layer thicknesses, although even large changes in these values within realistic bounds would not have made much difference to the overall stone trajectories and impact envelopes. Given the relatively small dimensions of a stone compared to the overall height that it must reach to impact the lower surface of an aircraft fuselage, the ground effect played a negligible role in the stone's trajectory. For instance, a 10mm diameter stone would only experience a significant ground effect when the stone is within approximately 7mm of the ground, while the remainder of the trajectory receives a negligible influence from the ground effect. Since this height was less than 1% of the total height needed to impact the aircraft, the ground effect on the stone did not provide a significant contribution to the lofting process. More significant may be the ground effects on the mean velocity field beneath the aircraft, particularly when the wings develop significant lift as the nose wheel is on the point of losing contact with the ground during take-off or has just contacted the ground during landing. This has not been considered in the present work.
The absolute numbers of impacts were significantly affected by the variations in the coefficient of drag, lift and the spin. This implied that it was important to carefully characterise these parameters for accurate prediction of the impact threat. The small effect of the different distributions used to model the coefficient of lift factor suggested that the shapes of the impact envelopes in the low and medium energy ranges were insensitive to the type of distribution assumed for the coefficient of lift values. However, for the high energy range, there was a greater change in the impact envelope when the distribution of the coefficient of lift factors was changed. This was due to the lower number of impacts at these higher energy levels, such that each impact recorded would have a greater influence in determining the nature of the impact envelope in this range. Therefore, accurately modelling the distribution of coefficient of lift values was considered to be more important to determine the high energy impact envelopes than for the low and medium energy impact envelopes.
Effect of aircraft speed and vertical impact velocity
On the one hand, higher aircraft speeds meant that there was less time for the stone to reach the height required for impact before the aircraft passed over the stone. On the other hand, there were two main reasons why impacts were more likely to occur at higher aircraft speeds. Firstly, there was an approximately linear correlation between the aircraft speed and the initial vertical loft velocity due to the contact mechanics. Secondly, the aerodynamic forces scaled with the square of the relative velocity of the stone through the air, so that higher aircraft speeds led to enhanced aerodynamic lofting. These two factors suggested that aircraft speeds close to the take-off speed were critical in terms of producing trajectories that could lead to impact. An additional influence of the aircraft speed was the influence on the kinetic energy transferred to the aircraft component once an impact does occur.
The vertical component of the impact velocity plotted in Fig. 21(a) showed that the impact speeds normal to the surface of the fuselage were greater closer to the nose landing gear. For runway stone impacts, which are considered to be small mass impacts, the peak load upon impact is linearly dependent on this normal velocity component, which governs the onset and extent of damage (25) . Hence the impacts closer to the front of the impacts were predicted to result in the most severe damage.
Final threat maps and implications
The final threat maps appeared to show a dual-lobed pattern of impacts, with one area of high probability located closer to the nose wheel and another area of high probability located further to the rear of the aircraft. This non-homogeneity was particularly evident in the high energy maps and was considered to arise due to the combined spray patterns produced by the two wheels. The left nose wheel, shown in the threat maps produced a spray pattern with a given angle and the right nose wheel, which is not shown, produced a similar spray pattern but shifted sideways by the distance between the nose wheels. The stones that were lofted by the right nose wheel could impact the left side of the aircraft. These impact zones overlapped with the impact zones from the left nose wheel, and because of the shift, the overlap area was further to the back of the aircraft. In other words, the non-uniformity was because the threat maps counted the impacts from both wheels, each producing maximum threat probabilities at different distances behind the nose wheel. Another factor was that for the high energy range, there were fewer impacts predicted and so the geometry of the high probability area was not as evenly distributed as for the low and medium energy ranges.
Since the stones were predicted to be lofted with low vertical loft speeds compared the aircraft speed, a single realistic shaped stone could produce multiple damage sites due to the combination of the highly oblique impact angle, the irregular shape of the stone (having blunt faces and sharp corners) and tumbling of the stone. Based on studies using a medium velocity impactor to characterise the impact damage caused by impacting stones at realistic velocities and angles at sample materials cut from a C-130 Hercules lower fuselage, the damage depths were found to be up to 0·3mm, with the larger depths at higher impact angles relative to the target surface (4) . Given that these oblique impact damages have such a shallow depth, this makes visual inspection quite challenging, particularly if the surface of the structure is covered with a protective coating, such as the polyurethane coating protecting the C-130.
In terms of the implications for the inspection and airworthiness requirement, one implication would be that if a damage site is observed on the lower fuselage, it may be worth checking further rearward along the length of the aircraft to seek further damage sites which may have come from the same stone. If the same types of impacts occurred to carbon fibre composite panels, it would not be suitable to use an energy based criterion to evaluate the severity of the impact. The impact damage would primarily be governed by the peak load upon impact which is related to the normal component of the impact velocity (25) . Given the high dependence of lofting and impact damage on the aircraft speed, an overall implication relating to reducing damage is to focus on a critical area of the runway where any stone lofted within that area would result in the most severe damage. This area is the area within the width of the nose wheel tyre footprint and the distance travelled by the aircraft when travelling between a critical speed V c and its take-off speed V.
Stone impact damage
The analysis of the impact damage can be characterised in three ways: probability, location, and severity. The variables influencing the probability and location of impact are the same factors that affect the trajectory relative to the aircraft combined with the aircraft geometry:
• runway variables: surface properties, modulus, coefficient of friction, etc.
• stone: mass, material, geometry, etc.
• tyre/wheel/landing gear variables: geometry, material properties, tread condition, pressure, etc.
• aircraft variables: aircraft speed, aircraft geometry, operations, aircraft specifications, etc.
• external conditions: wind, rain, temperature, etc.
The variables influencing the impact severity are a subset of these variables, particularly the stone sharpness/bluntness, translational and angular velocities, impact angle relative to structure. Medium velocity damage processes are fairly complex even for a non-rotating spherical object. For a rotating irregular stone striking at an oblique angle against a moving target which has non-planar geometry, the damage processes are even more complicated; particularly if the structure is a complex material, or if stone damage is also introduced. A simple analysis for a metallic structure such as the C-130 fuselage would treat the damage severity as being governed by the total translational kinetic energy of the stone. This translational kinetic energy itself accounts for the stone's mass and its three velocity components relative to the structure. Taking the translational kinetic energy to be E = ½ m V 2 , where
, in most cases aircraft speed dominates, and so the total damage would be governed by E ≈ ½ m V 2 . Considering the most critical cases, when the aircraft is travelling at more than half its take-off speed, if the maximum values of v y and v z are both half v x , then the maximum value of
If v x ≈ V, then the maximum kinetic energy is E ≈ (3/4) m V 2 . In the worst possible case, the maximum energy a structure could conceivably experience would be if the largest possible stone (35g stone from runway sweepings (11) ) struck perpendicular to a structural component surface with a total translational kinetic energy of E = 0·75 × 0·035 × 56 2 = 82J. More likely, the stone would have a mass corresponding to runway stone of 10g (1% of stones were observed to have a mass greater than 10g (11) ). The total translational kinetic energy would be only around E ≈ (3/4) m V 2 ≈ 0·75 × 0·010 × 56 2 ≈ 25J. Much more likely still, the stone would have a mass corresponding to the larger average values of masses found from runway stone characterisation (11) of 5·3g (3% of stones were found to have a mass greater than 5·3g) and the sideward and upward stone velocity components would be much less than the aircraft speed, so the total translational kinetic energy would be only around E ≈ ½ m V 2 ≈ ½ × 0·0053 × 56 2 ≈ 8·3J. Finally, if the aircraft is travelling at less than half its take-off speed, then E ≈ ½m V 2 = ½ × 0·0053 × 28 2 = 2·1J. For practicality and computational efficiency, the analysis was limited to stones that would have eventual impact kinetic energies larger than 2J (similar to a large apple falling 1 m), and for the generation of impact threat maps, three energy bands were used to categorise the impact severities. A low energy range was defined as being between 2J and 10J. A medium energy range was between 10J and 50J. A high energy range was greater than 50J. In this analysis, the angle of incidence relative to the structure and whether the contacting surface of the stone was blunt or sharp were not considered in detail here. Relative to the aircraft, the rotational energy would be 33% of the translational energy or 25% of the total energy. For both stone geometries, if the rotational kinetic energy has any contribution to damage, this could be significant and the damage may be underestimated if only the translational kinetic energy is considered.
Rotational energy of typical stones
Model limitations
The main uncertainties in the aerodynamic modelling were the coefficients of lift and drag for a rotating stone and the estimates of mean and extreme velocities in the wake behind the landing gear. The coefficients of lift and drag were taken from experimental measurements of the lift and drag forces acting on spinning golf balls (23) . This data was considered due to the similar dimensions and Reynolds numbers associated with the flow. However, stones are far from spherical and as well as having an irregular shape, they may also have a coarse surface roughness. Further work would need to be carried out to quantify the effect of both of these factors on the coefficient of lift and drag and therefore on the predicted stone trajectories. The coefficient of drag can vary significantly for non-spherical objects within the range of Reynolds numbers of interest in this study (26) . Experimental studies to measure the drag forces on non-spinning irregular particles have shown that the coefficient of drag can range from 0·4 up to 2·4 within this range of Reynolds numbers depending on the geometry of the particle (27) . The suggested route to providing improved predictions of the stone trajectories would be to experimentally measure the lift and drag coefficients of rotating stones in a wind tunnel.
The wake velocity profile was based on data from the flow fields surrounding automobile wheels. The studies used to obtain this data have shown that such three-dimensional flow fields can be very sensitive to the geometry of the wheels in question and specific features such as the radius of curvature at the shoulder of the tyre can affect the flow field. Furthermore, these studies were for an isolated wheel rather than a landing gear supported by a strut and surrounding bay doors, which could also influence the flow. Two major features of an actual landing gear as compared to an isolated wheel might lead to significant differences in the flow fields in the automobile and aircraft scenarios. Firstly, the presence of the two nose wheels side by side may lead to higher streamwise and vertical velocities along with lower transverse velocities as the flow is channelled in between the nose wheels. Secondly, the presence of the central strut also poses an obstruction to the flow, and as it moves through the air, there is the potential for air moving beneath the strut to flow upwards and introduce further eddies. Improved predictions of the stone trajectories and impact envelopes could be achieved by performing wind-tunnel testing of a scale model of the C-130 undercarriage on a rolling road. A hot wire probe or particle image velocimetry system may be used to obtain the velocity profile in the wake of the landing gear. This data would also provide further information about the nature of the turbulent fluctuations in the wake. Further analysis of the probabilities of the extreme turbulent fluctuations should then be performed.
CONCLUSIONS
The overall methodology used to evaluate the threat of runway debris impact damage to transport aircraft was divided into four key stages. The first was the stone characterisation and probability of encounter, which involved calculating the number of stones the aircraft wheels would encounter during operation. The second was the tyre contact lofting and entailed calculating the speeds and angular velocities with which the stones are ejected. The third stage involved calculating the trajectory of the lofted stone which is subject to the complex flow field behind the landing gear. The final stage involved determining the location, probability and severity of impact to generate impact threat maps.
The key question investigated in this particular research paper was whether aerodynamic effects play a significant role in stone lofting. The finite element modelling to simulate the contact mechanics of a tyre rolling over a stone predicted initial launch speeds that were just short of those required to explain the extensive impact damage observed on the C-130. Therefore a small increase in the vertical velocities was enough to change the trajectories from non-impact to critical trajectories. The aerodynamic simulations suggested that given a large enough number of stone encounters, the aerodynamic effects can play a significant role in stone lofting, leading to impacts mostly towards the rear of the aircraft. The aerodynamic effects would be powerful enough to allow stones to impact near to the front of the aircraft if the lift and drag coefficients were much higher than those measured from a spinning golf ball, or the stones received higher initial vertical loft velocities than those predicted by the finite element models. The main findings can be summarised as follows:
• The aerodynamic effects were most significant for small stones, less than 5g. The Pareto distribution which characterised the stone mass distribution suggested that most stones likely to be encountered by the wheels would have masses less than 5g. For example, stones smaller than 5g impacting at 70m -1 would have impact kinetic energies of less than 12J.
• Larger stones, which have the potential to produce higher impact energies, experience smaller aerodynamic effects and so the initial launch speeds produced by the contact mechanics were more critical in causing such stones to impact the aircraft.
• The overall shapes of the impact envelopes and the relative areas of high, medium, low and very low probabilities were sensitive to the coefficient of lift. This suggested that the model requires accurate characterisation of this parameter to precisely determine the relative threat of impact posed in certain zones of the fuselage.
• The actual numbers of stone impacts could vary significantly due to operations on runways containing varying areal densities of stones covering the surface. The relative areas covered by the threat maps in the different energy ranges did not change much as a function of the spin rates. The low energy level envelope had the largest area, but a greater proportion of the impacts of interest occurred in the medium energy range. This suggested that there would be a greater spread of impacts occurring within the lower energy range of 2 to 10J, which can nevertheless lead to significant surface damage requiring extensive maintenance or repair.
FURTHER WORK
The research presented in this investigation required a number of assumptions regarding the aerodynamics around the nose wheel landing gear. Therefore, the main priority for extending this study would involve carrying out further tests to validate the assumptions made and ultimately validate the computed threat maps. Due to the sensitivity of stone trajectories to the coefficients of lift and drag, further work is necessary to accurately determine the lift and drag coefficients of irregularly shaped stones. A suggested experimental approach would be to mount a typical stone on a rig similar to that used to measure the lift and drag coefficients of a golf ball (28) . The rig may be placed in a wind tunnel and the forces on the stone may be measured using a strain gauged transducer attached to the axle supporting the stones. Spinning the stone would introduce out-of-axis forces due to the irregular shape as well as any aerodynamic forces due to the Magnus effect.
The exact nature of the velocity profile in the wake behind the wheel is also critical to the prediction of the stone trajectories. Furthermore, the entire undercarriage assembly is expected to influence the wake. Therefore, additional studies should be carried out to measure the velocity profile behind the nose landing gear assembly using a scale model of the C-130 undercarriage in a wind tunnel on a rolling road. The flow field would then be measured at a range of positions behind and across the width of the wheel up to the region where the flow decays to ambient conditions. Alternatively, computational fluid dynamics may be used to simulate the flow fields behind a full scale landing gear assembly at the actual flow speeds of operation. However, due to the complex nature of the flow, there may be limitations in using such an approach to fully capture the turbulent fluctuations present in the wake.
